Quinones permeate our biotic environment, contributing to both homeostasis and cytotoxicity. All quinones generate reactive oxygen species through redox cycling, while partially substituted quinones also undergo arylation (Michael adduct formation) yielding covalent bonds with nucleophiles such as cysteinyl thiols. In contrast to reactive oxygen species, the role of arylation in quinone cytotoxicity is not well understood. We found that the arylating quinones, including unsubstituted 1,4-benzoquinone (1,4-BzQ) and partially substituted vitamin E congener ␥-tocopherol quinone (␥-TQ), were cytotoxic, with ␥-TQ > 1,4-BzQ, whereas the fully substituted nonarylating vitamin E congener ␣-tocopherol quinone was not. In vitro, both arylating quinones formed Michael adducts with the thiol nucleophile N-acetylcysteine (NAC) at rates where 1,4-BzQ > ␥-TQ. In cultured cells, concurrent addition of NAC eliminated 1,4-BzQ caused toxicity, but preincubation was required for the same NAC detoxification effect on ␥-TQ. These data clearly established the role of arylation in quinone toxicity and revealed that arylating quinone structure affects cytotoxicity by governing detoxification through the rate of adduct formation. Furthermore, arylating quinones induced endoplasmic reticulum (ER) stress by activating the pancreatic ER kinase (PERK) signaling pathway including elF2␣, ATF4, and C͞EBP homologous protein (CHOP). Detoxification by NAC greatly attenuates CHOP induction in arylating quinone-treated cells, suggesting that ER stress is a cellular mechanism for arylating quinone cytotoxicity.
Q
uinones and their phenolic precursors are present throughout the biotic environment and include polyphenols and tocopherols in the diet, drugs in medicine, environmental pollutants such as polycyclic aromatic hydrocarbons, and their metabolic products (1) (2) (3) (4) (5) (6) (7) (8) . They are involved in a wide variety of biological and chemical processes, including electron transport in animals and plants, photosynthesis, posttranslational modification of proteins, metabolism of cellular signaling molecules such as estrogens and catecholamines, metabolism of antioxidant and signaling tocopherol congeners (vitamin E), and the elimination of polycyclic aromatic hydrocarbons introduced by combustion processes associated with our petroleum-based chemical environment.
Quinones are a class of highly reactive compounds. Although all quinones are redox cycling agents that generate reactive oxygen species (ROS), partially substituted quinones also function as arylating agents (1-3, 5, 6) . The arylating quinones react with cellular nucleophiles such as thiols on cysteine residues of proteins, glutathione (GSH), and detoxifying agents such as N-acetylcysteine (NAC), forming covalently linked quinonethiol Michael adducts (1-3, 5, 6 ) that retain the ability to function as redox cycling agents (4, 9) . In contrast to well studied ROS generation and consequent oxidative stress in living cells (1) (2) (3) , the role of Michael adduct formation in quinone toxicity is not well understood. This lack of understanding is largely because of the fact that ROS generation by redox cycling is inherent to both quinones and their adducts, making it difficult to separate the biological effects caused by Michael adduct formation from that of ROS generation (1) (2) (3) .
Arylating quinones do have unique biologic properties, such as high cytotoxicity, that are not always shared by nonarylating quinones and arylating quinone-thiol adducts (4) (5) (6) (9) (10) (11) (12) . Cellular mechanisms responsible for this cytotoxicity are not well established. Recent findings that Michael adduct formation between arylating quinones and endoplasmic reticulum (ER) protein disulfide isomerases (13) , induction of C͞EBP homologous protein (CHOP) by hydroquinones (14) , and the essential role of ER chaperone BiP in protection against quinone toxicity (15) , lead us to propose that ER stress is a cellular mechanism for arylating quinone toxicity. ER is the subcellular organelle in which secretory proteins are folded, stabilized by disulfide bonds, posttranslationally modified, oligomerized, and ultimately exported. This process is tightly monitored by ER quality control mechanisms that sense any disruption and retain unfolded proteins in the ER, triggering ER stress and initiating a complex series of cellular responses (16) (17) (18) . Three main signaling pathways, pancreatic ER kinase (PERK), ATF6, and IRE1, mitigate ER stress by altering various aspects of cellular metabolism. Persistent ER stress prevails over the cellular defensive mechanisms and causes cell death (19, 20) , which has been implicated in various diseases (21) (22) (23) (24) (25) . We reasoned that Michael adduct formation between arylating quinone and cysteine residues on secretory proteins could disrupt the formation of correct disulfide bond, cause protein misfolding, induce ER stress, and, ultimately, lead to cell toxicity.
In this study, we investigated the role of Michael adduct formation in quinone toxicity and the induction of ER stress by arylating quinones. Comparisons among two vitamin E congener quinones, partially substituted arylating ␥-tocopherol quinone (␥-TQ) and fully substituted nonarylating ␣-tocopherol quinone (␣-TQ), and the simplest arylating quinone, unsubstituted 1,4-benzoquinone (1,4-BzQ), allow us to estimate contributions from quinone structure to the extent and rate of Michael adduct formation, to quinone cytotoxicity, and to cellular mechanisms associated with it. A unique contribution of Michael adduct formation to quinone toxicity was clearly established. In addition, we found that the induction of ER stress is tightly coupled to arylating quinone toxicity, indicating ER stress as a cellular mechanism for arylating quinone toxicity. Furthermore, we also found that the high chemical reactivity of 1,4-BzQ leads to rapid detoxification and lower cytotoxicity compared with ␥-TQ, suggesting chemical reactivity is not directly coupled to toxicity in a biotic system.
Results
Higher Cytotoxicity Associated with Arylating ␥-TQ. We compared cytotoxicity induced by two members of the vitamin E family, ␣-and ␥-tocopherol (␣-T and ␥-T), and their oxidation products, ␣-TQ and ␥-TQ (Fig. 1A) . The ␣-TQ and ␥-TQ quinones, which are found in animals after the ingestion of their parent phenols (26) , are an excellent model system to separate the biological effects caused by ROS generation and Michael adduct formation. Both are redox cycling agents with similar redox potentials (12) and are identical in chemical structure except that position 5 is methylated in nonarylating ␣-TQ but available for Michael adduct formation in arylating ␥-TQ.
Neuro 2a (N2A) murine neuroblastoma cells were incubated for 24 h with ␣-and ␥-TQ and their phenolic precursors, ␣-T and ␥-T. Cells were kept in regular cell culture medium supplied with 10% FBS during incubation to minimize any stress caused by changing growth conditions. After incubation, cell viability was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. It is clear from the results shown in Fig. 1 A that severe cytotoxicity was only observed in cells treated with the arylating quinone, ␥-TQ. As little as 5 M ␥-TQ is sufficient to cause 70% of the cells to lose viability. In contrast, little change in viability was observed in cells treated with as high as 50 M ␣-TQ or with either phenolic precursor. The same experiment was performed in two different cell lines derived from different origins, Monkey kidney epithelial COS cells and mouse fibroblast 3T3 cells (see Fig. 5 , which is published as supporting information on the PNAS web site). An almost identical result was obtained in COS cells with arylating ␥-TQ as the only agent causing toxicity after a 24-h treatment. In 3T3 cells, ␥-T, the phenolic precursor of ␥-TQ, also caused some loss of cell viability, correlating with a recent report that ␥-T decreases cell viability at high concentrations in certain cell lines (27) . Nonetheless, the arylating quinone, ␥-TQ, has the most potent cytotoxic effect in 3T3 cells as in other cell types. Together with our previous results that ␣-and ␥-TQ have similar redox potentials in cultured cells (12) , these results demonstrate that arylation has a specific role in quinone cytotoxicity.
Alleviation of Arylating Quinone Toxicity by Prior Michael Adduct
Formation. Arylating quinones differ from nonarylating quinones in their ability to form Michael adducts, particularly with nucleophilic thiol groups in intracellular biomolecules (5, 6) . To elucidate whether Michael adduct formation is responsible for the severe ␥-TQ cytotoxicity observed, we investigated the role of NAC, a simple and cell-permeable thiol nucleophile, in the alleviation of cytotoxicity. A direct correlation was observed between the improvement of cell viability and increasing concentrations of NAC added concurrently with 10 M ␥-TQ (Fig.  1B) . Because NAC itself in the concentrations and incubation times used here had no effect on cell viability (data not shown), this result suggests that the thiol nucleophile protected cells against arylating quinone cytotoxicity.
NAC is both a thiol nucleophile and an antioxidant (28) . Therefore, it is not clear whether the NAC protective effect is because of its formation of a Michael adduct with ␥-TQ or its antioxidant property that reduces the biological effect caused by ROS generation during ␥-TQ redox cycling. To distinguish between these two possibilities, we performed the same experiment with a variation in the order of NAC addition. The ␥-TQ and NAC mixture was preincubated at room temperature for 3 and 6 h to allow Michael adduct formation before its addition to cells. Notably, a significant increase in cell viability was observed with an equimolar mixture after preincubation of NAC with ␥-TQ (Fig. 1C) . Overall, preincubation enhanced the protective effect of NAC by Ͼ100-fold. The same protective effect was obtained with another thiol-containing agent, DTT, whereas antioxidants without a thiol group have no effect on ␥-TQcaused toxicity (see Fig. 6 , which is published as supporting information on the PNAS web site). Because quinone-thiol Michael adducts also function as redox cycling agents (4, 9) , these data strongly suggest that NAC or DTT abolished ␥-TQ toxicity by eliminating its ability to form Michael adduct with intracellular nucleophiles.
We performed time-of-flight mass spectroscopy (TOF-MS) analyses to determine whether the time delay in the amelioration of cytotoxicity was correlated with the kinetics of adduct formation. Indeed, only trace amounts of adduct were formed immediately after mixing ␥-TQ and NAC, but clearly detectable amounts of adduct were observed after a 3-h preincubation (Fig.  1D) . The direct correlation of prior Michael adduct formation and the loss of ␥-TQ toxicity led us to conclude that loss of thiol function through Michael adduct formation, but not the ubiquitous ROS generation, is critical for its cytotoxicity.
Induction of ER Stress Is Tightly Associated with Arylating Quinone
Toxicity. An important function of thiols in cysteinyl proteins is the formation of disulfide bonds that are essential for many secretory proteins to achieve their correct conformations (29, 30) . Disruption of disulfide bonding by Michael adduct formation should lead to protein misfolding and ER stress. To test whether ER stress is associated with arylating quinone toxicity, we performed a time-course analysis of phosphorylated PERK, a proximal ER stress sensor (16, 18) , in cells treated with ␥-TQ. Increased levels of phosphorylated PERK were observed after 30 min and continued to increase at later time points ( Fig. 2A) , suggesting that arylating ␥-TQ induces ER stress. To elucidate further the molecular changes along the PERK signaling pathway, we compared the levels of phosphorylated elF2␣, ATF4, and CHOP in cells incubated for 24 h with, respectively, ␣-or ␥-TQ and their phenolic precursors, ␣-or ␥-T. Phosphorylated elF2␣ was increased significantly in cells treated with arylating ␥-TQ, but not in cells treated with the nonarylating congener, ␣-TQ, or with either phenolic precursor (Fig. 2B) . Increasing phosphorylated elF2␣ shuts down general protein translation and leads to the preferential expression of the transcription factor ATF4 and the induction of CHOP (16, 18) . Indeed, both ATF4 and CHOP were induced significantly in cells treated with arylating ␥-TQ, but not in cells treated with other reagents (Fig.  2B) . Because nonarylating ␣-TQ is capable of redox cycling (12, 31) , the specific activation of the PERK signaling pathway by arylating ␥-TQ suggests that Michael adduct formation by arylating quinones, not ROS generation by redox cycling, governs the induction of ER stress in our system.
To determine whether ␥-TQ induced general cellular stress, we performed immunoblot analysis to measure the level of Hsp90 in these cells. Hsp90, a cytosolic stress-responsive protein (32) , was slightly increased in cells treated with any of these redox cycling reagents (Fig. 2B, Hsp90) . However, we did not detect a significant difference in Hsp90 levels among cells treated with ␥-or ␣-TQ or precursor tocopherols. This observation further supports the specific correlation between arylating ␥-TQ and ER stress induction.
Among ER stress induced proteins, CHOP is involved in making the cell death decision associated with ER stress (19, 20) . The induction of CHOP by ␥-TQ led us to ask whether ␥-TQcaused cytotoxicity (Fig. 1 A) is associated with CHOP induction. Taking advantage of the cytoprotective effect of NAC, we compared CHOP levels in cells treated with ␥-TQ alone with cells treated with a preincubated ␥-TQ and NAC mixture. CHOP was induced in cells treated with ␥-TQ alone, and the induction was significantly diminished in cells treated with the ␥-TQ and NAC mixture (Fig. 2C) . Notably, under our experimental conditions, NAC itself did not influence CHOP expression (Fig. 2C , lane 5), indicating that decrease in CHOP induction does not result from the direct effect of NAC on cell metabolism. Similar results were obtained from a different cell line, COS cells, suggesting that the observation is not cell-line specific (see Fig.  7 , which is published as supporting information on the PNAS web site). Again, in COS cells, the dramatic changes of CHOP levels was not accompanied with fluctuations of cytosolic stressresponsive Hsp70 or Hsp90, suggesting a specific correlation between arylating ␥-TQ-caused toxicity and CHOP induction (see Fig. 7 ).
As mentioned above, ER stress is a complicated cellular response involving multiple signaling pathways (16) (17) (18) . It is not clear whether NAC had any effect on ER stress signaling processes, which led to the reduction of CHOP levels during ER stress instead of influencing ␥-TQ. To rule out this possibility, we analyzed the influence of NAC on CHOP induction caused by tunicamycin, a well known ER stress-inducing agent that acts through inhibition of N-linked glycosylation (Fig. 2 D and E) . NAC had no effect on either CHOP induction (Fig. 2D, compare  lanes 4 and 5) or cytotoxicity (Fig. 2E) caused by tunicamycin. Thus, NAC does not directly influence ER stress signaling processes. Instead, it inhibits ␥-TQ-induced ER stress and cytotoxicity by eliminating its ability to form Michael adducts with intracellular nucleophiles. These results confirm that Michael adduct formation is one of the mechanisms for inducing CHOP expression associated with cytotoxicity.
Lower Cytotoxicity of Arylating 1,4-BzQ Because of Its Rapid Michael
Adduct Formation. To determine whether our observations apply to other arylating quinones or were specific to ␥-TQ, we analyzed arylating 1,4-BzQ, a major oxidative product of environmental-polluting aromatic hydrocarbons (33) . As with ␥-TQ, 1,4-BzQ induced cell death in N2A cells after a 24-h incubation (Fig. 3A) . Our results, however, showed that the cytotoxicity of ␥-TQ (LD 50 Ͻ 5 M) was significantly greater than that of 1,4-BzQ (LD 50 Ͼ 25 M) (compare Fig. 3A with Fig. 1 A) . Compared with ␥-⌻Q, 1,4-BzQ is chemically more reactive with a greater variety of thiol nucleophiles including cysteinyl proteins such as albumin that has a hidden thiol group (33) . The seemingly paradoxical data with 1,4-BzQ, higher chemical reactivity and lower cytotoxicity, could be explained by rapid detoxification of 1,4-BzQ with many different thiols, including those in FBS in the cell culture medium and the cellular thiol containing peptide, glutathione (GSH), a wellknown defensive agent against quinone toxicity (1) (2) (3) (4) (5) . This hypothesis is supported by the striking difference in the inhibitory effect of NAC against 1,4-BzQ compared with ␥-TQ. We found that an equal amount of NAC was sufficient to restore cell viability to 80%, and, more importantly, NAC protection against the cytotoxicity of 1,4-BzQ was achieved without preincubation (Fig. 3B) , suggesting a rapid reaction between 1,4-BzQ and NAC.
The rapid reaction between 1,4-BzQ and NAC allows us to test whether the presence of NAC within the cell, instead of in the medium, is sufficient for the detoxification. We pretreated N2A cells with NAC for 4 h, rinsed cells with PBS, and added fresh medium to the cells. Notably, NAC-pretreated cells had a significantly higher resistance to 1,4-BzQ-caused toxicity (Fig. 3C) , indicating that increasing initial intracellular thiol content can detoxify 1,4-BzQ through rapid Michael adduct formation.
The rapid Michael adduct formation between 1,4-BzQ and NAC was confirmed by TOF-MS analysis. Unlike ␥-TQ, where significant adduct formation was detectable only after a 3 h preincubation (Fig. 1D) , 1,4-BzQ reacted immediately with NAC, resulting in large adduct peaks detected by TOF-MS (Fig.  3D and compare with Fig. 1D ), demonstrating the high chemical reactivity of this arylating quinone. Together, these results suggest that higher cytotoxicity associated with ␥-TQ is because of its lower detoxification rate compared with 1,4-BzQ, allowing free ␥-TQ to more readily reach intracellular target proteins. Thus, high reactivity in abiotic systems does not necessarily imply high cytotoxicity in biotic systems. (Fig. 4A) . Equal loading was verified by total protein stain (see Fig. 8 , which is published as supporting information on the PNAS web site). CHOP expression also was induced in cells treated with 1,4-BzQ, and the induction was attenuated on addition of NAC (Fig. 4B) . All together, the results of 1,4-BzQ and ␥-TQ demonstrate a correlation between CHOP induction and cytotoxicity with radically different quinone structures that retain the ability to function as arylating electrophiles.
Discussion
The contribution from either ROS generation or Michael adduct formation to quinone toxicity is difficult to differentiate, because redox cycling is inherent to all quinones. Our results, higher toxicity associated with arylating ␥-TQ in contrast to its nonarylating congener, ␣-TQ, and detoxification by prior formation of a Michael adduct with the thiol nucleophile NAC, unambiguously reveal the important role of Michael adduct formation in quinone toxicity.
In addition, we have demonstrated that arylating quinone toxicity is directly coupled to the induction of ER stress. This effect is likely due to the disruption of disulfide bond formation by arylating quinone electrophiles. Disulfide bonds are formed in the ER through a series of exchange reactions between cysteinyl proteins and ER thiol-disulfide oxidoreductases (29) . Free thiols on both cysteinyl proteins and oxidoreductases should be available to react with arylating quinones during disulfide shuffling. In addition, disulfide bonds are formed during the folding process of secretory proteins. Compared with completely folded proteins, thiol groups in unfolded or partially folded proteins should be more accessible for arylating quinone adduction. Two ER protein disulfide isomerases were found to form Michael adducts with arylating quinone electrophiles, 1,4-BzQ and 1,4-naphthoquinone (13), directly supporting our hypothesis that disulfide shuffling during protein folding in the ER provides an opportunity for Michael adduct formation. As a consequence, formation of disulfide bonds will be disrupted, causing accumulation of misfolded proteins and ER stress. This concept is supported by the observation that arylating ␥-TQ treatment decreased the secretion of a monoclonal antibody (Ab) (see Fig. 9 , which is published as supporting information on the PNAS web site), which requires correct disulfide bond formation that could be helped by ER protein disulfide isomerases (34) .
Our finding, that arylating quinones induce ER stress, provides explanations for several previous observations in this field (14, 15) . For example, CHOP induction was observed in renal proximal tubular epithelial cells (LLC-PK1 cells) treated with 2-bromo-bis-(glutathion-S-yl)hydroquinone, an agent that generates ROS during redox cycling to its arylating quinone (14) . Because DNA damage also was observed in these cells, CHOP induction was attributed to ROS-induced DNA damage (14) . Other work has shown that CHOP is more responsive to ER stress than to DNA damage or growth arrest (35) . Thus, CHOP induction in this case could be caused by arylating quinone-induced ER stress as well as DNA damage due to ROS.
A recent study revealed the essential role of ER chaperone BiP induction in 11-deoxy-16,16-dimethyl PGE 2 -mediated cytoprotection against 2,3,5-Tris-(glutathion-S-yl)hydroquinone, which also converts to its arylating quinone during redox cycling (15) . Notably, BiP is involved in the detection of ER stress by various proximal ER stress sensors (16) (17) (18) . Increased level of BiP expression attenuates ER stress response, decreases CHOP induction, and increases the survival of cells (35, 36) . Therefore, the cellular mechanism of this PGE 2 -mediated cytoprotective effect against arylating quinone could be through the attenuation of ER stress responses.
Two quinones compared in this study, ␣-and ␥-TQ, are oxidation products of ␣-and ␥-T, members of the vitamin E family that are synthesized by plants. Plants synthesize a number of phenolic antioxidants, ␣-, ␤-, ␥-, and ␦-T congeners in the vitamin E family (37) , which are oxidized to nonarylating ␣-TQ, and arylating ␤-, ␥-, and ␦-TQ. Interestingly, tocopherol congeners, which are precursors of arylating quinones, ␤-, ␥-, and ␦-T, are the major components of most vegetable oils, including corn (85%), soy (95%), f lax (99%), and borage (98%) (38) . Animals, however, selectively retain the only phenolic antioxidant precursor in the vitamin E family that produces a nonarylating quinone, ␣-T, as Ϸ85% of tissue tocopherol (39, 40) . We showed in this work that arylating quinones have profound biologic effects, ER stress and cytotoxicity, in animal cells. The role of ER stress in the pathogenesis of various diseases has been revealed by many studies (21) (22) (23) (24) (25) 41) . Is it possible, as we have suggested (40) , that the selection of the nonarylating quinone precursor ␣-T confers an evolutionary benefit in animal cells? Cell Lines and Culture. N2A cells were maintained in MEM supplemented with 10% FBS, penicillin, and streptomycin. COS and 3T3 cells were maintained in DMEM supplemented with 10% FBS, 100 units͞ml penicillin, and 100 mg͞ml streptomycin. Cells were grown as monolayer cultures in a water-saturated 95% air͞5% CO 2 atmosphere at 37°C. Three different cell lines derived from different species were used to verify that effects caused by arylating quinone are not specific to a particular type of cells.
Materials and Methods
Synthesis of Tocopherol Quinone. ␥-TQ was synthesized from the parent tocopherol, ␥-T, by FeCl 3 oxidation, purified, and characterized as described in ref. 12. ␣-TQ was synthesized from ␣-T by using the same protocol.
Cytotoxicity. Cells were treated with ␣-T, ␣-TQ, ␥-T, ␥-TQ, 1,4-BzQ, or solvent for 24 h. Cell viability was measured by the MTT assay. The detailed procedure is described in Supporting Materials and Methods, which is published as supporting information on the PNAS web site.
NAC Detoxification. For detoxification without preincubation, increasing concentrations of NAC and 10 M ␥-TQ or 50 M 1,4-BzQ were added to cell cultures together. For detoxification with preincubation, the NAC͞quinone mixture was incubated at room temperature for indicated time periods, then added to cell cultures for a 24-h incubation period. As a control, quinones were preincubated in water or PBS to ensure that decomposition did not occur.
Electrospray Ionization TOF-MS (ESI-TOF-MS) of Adducts. ESI-TOF-MS was performed on an LCT (Micromass, Manchester, U.K.) in the direct infusion mode. The instrument was operated at a capillary voltage of 3,000 V and a cone voltage of 55 V. The desolvation temperature was set at 100°C using nitrogen as the desolvation gas. Equal volumes of 1 mM ␥-TQ in ethanol and 5 mM NAC in water were used for the experi-
